m u n o l o g i c a l s t i m u l a t i o n . H o w e v e r , G r a m -n e g a t i v e b a c t e r i a are p r e s e n t in t h e g a s t r o -i n t e s t i n a l t r a c t f r o m v e r y early life a n d t h u s it is possible t h a t n a t u r a l antibodies, a t least to t h e m , m a y result f r o m specific s t i m u l a t i o n . F o r this r e a s o n we h a v e e x a m i n e d sera f r o m v a r i o u s a n i m a l species f r o m t h e neon a t a l stage to early a d u l t life to d e t e r m i n e t h e t i m e a t which a n t i b o d y b e c o m e s d e t e c t a b l e , a n d relate this to t h e t i m e of a c k n o w l e d g e d i m m u n o l o g i c a l m at u r i t y . A n o t h e r a p p r o a c h h a s b e e n t h r o u g h germ-free a n i m a l s w h i c h b e c a m e a v a i l a b l e for study. Such a n i m a l s are b r o u g h t u p in a n e n v i r o n m e n t free f r o m a n y c o n t a c t w i t h living bacteria. W e h a v e e n d e a v o r e d to o b t a i n f u r t h e r inf o r m a t i o n o n t h e occurrence of n a t u r a l a n t i b o d i e s of this t y p e b y a c o m p a r a t i v e s t u d y of sera from germ-free a n d n o r m a l animals.
Materials and Methods
Cultures.--Strains were selected on the basis of their susceptibility to the lethal effect of human serum and their stability as regards antigenic and colonial characteristics. Escherichia coli 0127:B8, Proteus 0X19, Serratia marcescens, Shigella dysenteriae, Pseudomonas aeruginosa, and Aerobacter aerogenes were supplied from culture collection of Water Reed Army Institute of Research, Washington, D. C., by Mr. A. Abrams. Salmonella typhosa 0901 was the standard non-motile O strain.
Inoculum.--Bacteria were grown overnight on tryptose agar slants, washed off with physiological saline, and standardized turbidimetrically to 107 cells/ml.
Serum.--Blood specimens were obtained from human beings and rabbits by venipuncture and from smaller animals by cardiac puncture. These were allowed to clot at room temperature, the clot rimmed and serum cleared by centrifugation. Sera were stored at -20°C. Rabbits and mice were immunized by administering 5 intravenous injections of heat-killed bacteria at 4 day intervals and bled 1 week after the last injection. Human anti-typhoid serum was obtained from a group of volunteers immunized with vaccine.
Bactericidal Tests.--The tests were conducted in plastic trays containing molded-cup depressions (disposo-trays, Linbro, New Haven). The effect of normal or immune serum on the bacterial inocula was determined as follows: an inocuinm of 10 * bacteria in 0.1 ml was mixed with 0A ml of the serum under test. The source of complement, 0.3 ml of human serum diluted 1:5 and absorbed previously with the homologous test organism was then added. The mixture was incubated at 37°C in a water bath for 1 hour, serial dilutions of each reaction mixture were then made and 0.5 ml aliquots were transferred into cups which were afterwards filled with melted agar (45°C). The plastic trays were incubated overnight at 37°C and number of colonies in the cups were counted. Because of the size of the cups not more than 50 colonies were enumerated. Reduction in number of survivors expressed the bactericidal activity and was proportional to the amount of antibody present in the test system (9).
Specific Absorption.--Pooled human or mouse serum, diluted 1:5 with saline was mixed with graded amounts of washed, heat-killed bacteria. The ceils were dispersed in the serum and allowed to stand at 4°C overnight. Bacteria were removed by centrifugation at 6,000 ~P~ for 30 minutes at 4°C. Serum to be used as a complement source was prepared in a similar manner. To human serum diluted 1:5 bacteria were added to a concentration of 10 per cent by volume. The absorbing suspension was later removed as described above.
RESULTS
Distribution,--Since m a m m a l i a n sera w i t h t h e exception of m o u s e s e r u m c o n t a i n f u n c t i o n a l c o m p l e m e n t , sera from several species were e x a m i n e d for bactericidal activity to S. typhosa 0901 and E. coli 0127. Serum from the following species was lethal for these two test strains: human, cow, horse, guinea pig, rabbit, and rat (9) .
The wide range of bactericidal antibodies in human serum is illustrated in Table I . Escherichia, Salmonella, Pseudomonas, Proteus, Shigella, Serratia, and Aerobacter species were all susceptible to the action of normal human serum. When supplemented with functional complement (absorbed human serum) mouse serum also exerted bactericidal activity against a variety of Enterobacteriaceae. These findings confirm that the serum of most normal mammals contains antibodies reactive with many Enterobacteriaceae. Specificity.--Most normal mammalian sera would constitute appropriate reagents for investigating the specificity of natural antibodies to Gram-negative species. We chose human serum since it is readily available in large quantities and mouse serum because of the wide use of this species in studies on natural immunity. The two approaches employed to study specificity were: Absorption with individual bacterial serotypes and inhibition of bactericidal activity with purified somatic antigens.
Normal human serum diluted 1:5 with saline was absorbed with packed cells of E. coli or S. typhosa. The absorbed sera were then set up in bactericidal tests with bacteria representing 7 different genera of Gram-negative bacteria. The results of this experiment, given in Table I , show that activity for the homologous strain is abolished by the absorption, whereas activity for serologically unrelated strains remains unchanged. In these experiments the amount of absorbing suspension was kept constant and constituted 10 per cent of the volume of diluted serum.
The relation between the quantity of absorbing suspension and removal of antibody was investigated to determine both the minimal quantity of suspension necessary to remove antibody and the specificity of the removal at different concentration of antigen. Normal mouse serum was absorbed with graded amounts of suspensions of E. coli and S. typhosa and the antibody content of the serum to these bacteria determined. Test conditions: To 0.3 ml of absorbed human serum (as complement source) was added 0.1 ml of the test mouse serum and 106 bacteria in 0.1 ml; incubation was for 1 hour at 37°C. Table I I a concentration of 0.1 per cent of bacterial suspension by volume was sufficient to remove specific antibody, whereas by increasing the amount of absorbing suspensions 500 times (an amount equal to the volume of serum) removal of antibodies to heterologous strains also occurred. Since specific removal of antibody was dependent on the quantity of absorbing suspension it is evident that titration of the absorbing dose is an essential requirement.
As illustrated in
I t was our experience that relatively smaller quantities of absorbing suspension were required completely to remove antibody from serum diluted 1:5 than were needed for undiluted serum. Furthermore it was found that the range over which absorption was specific was considerably greater with diluted serum than was the case with undiluted. This finding is dealt with in greater detail in our description of the assay of antibody b y a bactericidal procedure (9) .
Inhibition by Somatic Antigen.--Endoto~dns located on the surface of Gramnegative bacteria are the somatic components which confer on these organisms The test endotoxins, in a volume of 0.1 ml, were added to 0.1 ml of diluted normal mouse serum and allowed to stand at room temperature for 15 minutes; 106 bacteria in 0.1 ml and 0.3 ml of absorbed human serum (complement) were then added and the mixtures were incubated for 1 hour at 37°C. their individual immunological specificities. The antibody directed against these endotoxins is essential for the bactericidal activity of fresh normal serum. The property of the purified somatic antigens to combine with antibody in normal serum and in this manner inhibit the bactericidal reaction was utilized to further delineate the specificity of normal antibodies (4). S. typhosa and E. coli were the test strains in experiments in which purified somatic antigen derived from these two strains and from Shigella flexneri, Pseudomonas aeruginosa (Difco products) and Serratia marcescen3 (product of this laboratory), were added to bactericidal reaction mixtures.
I n this test, normal mouse serum as a source of natural antibody was inter-acted with endotoxin and bacteria in the following manner: Graded amounts of antigens ranging from 0.001 to 100/zg were added to 0.1 ml aliquots of normal mouse serum diluted 1:5. After 15 minutes at room temperature, 1 X 106 bacteria (S. typhosa or E. coli) were added followed by 0.3 ml of absorbed human serum as a complement source. The results given in Table I I I show that heterologous endotoxin from 5 different genera even in amounts of 100 #g did not inhibit the bactericidal reaction whereas as small amount of homologous material as 10 #g in the case of S. typhosa and 1 #g in the case of E. coli 0127 was sufficient to abolish the activity of the serum. Test conditions: To 0.3 ml of human complement source was added 0.1 ml of the absorbed antiserum and 106 S. typhosa in 0.1 ml; incubation was for 1 hour at 37°C.
Comparative Studies on Natural vs. Immune Antibody. Apart from the issue of their specificity, natural antibodies have been reported to differ from immune as regards their lesser avidity and reduced thermostability; these criteria have been employed to distinguish normal from immune antibody. Natural antibody was found to be removed non-specifically by high concentrations of heterologous bacterial suspension. To investigate whether such non-specific absorption would also occur with immune antibody, tests were conducted in which the functional amount of immune antibody in the system was comparable with the natural antibody content of normal serum. Table IV illustrates the result of this experiment. Serum from a rabbit immune to S. typhosa (containing 220 #g antibody N/ml with a titre 1:40,000 in the bactericidal reaction) was diluted 1:1,000 in saline in order to bring it to a concentration functionally equal to that present in normal serum. The serum was then absorbed with varying quantities of homologous (S. typhosa 0901) and heterologous (E. coli 0127) organisms. After absorption with an equal volume of E. coli suspension there was a 75 per cent reduction in antibody titre against S. typhosa, whereas lesser amounts of suspension caused no reduction in antibody titre. The homologous organism on the other hand was capable of removing antibody at a concentration as low as 0.1 per cent. It was thus demonstrated that non-specific absorption of comparable degree occurs with both immune and natural antibodies.
Heat stability is generally considered to be characteristic of immune antibody (8) . However, the results reported have not been conclusive and often involved comparison between immune and natural antibodies obtained from different species. We have compared immune and natural antibodies from several animal species. The results given in Table V It is clear that for each species immune antibody is more heat-stable than natural antibody. In addition there is considerable variation between different species; mouse antibody shows the greatest degree of heat lability while human and rabbit sera have comparable but higher heat stability.
I t has been suggested that natural antibody is more heat-labile because it is present in low concentration. To test this possibility immune serum was diluted in saline and in absorbed normal serum to a low concentration and heated. However, no differences were detected between the heat lability of diluted and undiluted immune serum (Table VI) .
Time of Appearance of Antibody.--At birth animals are unable to produce antibodies and those which are found are derived from the mother. The duration of this period of unresponsiveness varies with different species and is assumed to reflect the time required for maturation of antibody forming cells. Moreover very young animals have relatively few opportunities for exposure to natural antigenic stimuli. However as regards the Enterobacteriaceae their ubiquity results in their establishment in the intestinal tract of mammals within a short time of birth. Thus from the time the animal becomes immunologically competent a continuous stimulation from this source is assured.
Qualitative data were obtained relating to the time of initial appearance and attainment of normal titres of antibody to Gram-negative organisms for 4 different animal species. In these experiments pooled sera were employed; the number of donors ranged from as many as 20 for 5 day old mice to as few as 3 for 8 week old rabbits. The information given in Table VII shows that there is no common pattern as to the time of appearance of antibody. Indeed mice show antibody at each age examined although there is a gradual increase in antibody level from birth which reaches its maximum about the time they are weaned (21 days). A similar pattern was found in guinea pigs and rabbits with regard to antibody to S. typhosa. On the other hand there were instances in which antibody to both E. 6oli 0127 and S. typhosa 0901 was not detectable for a fairly long period. Although the data are limited to two strains of bacteria it is apparent that different antibodies do not emerge simultaneously. For instance, rats developed antibody to E. coli 4 weeks before antibody to S. typhosa became detectable and guinea pigs displayed antibody to S. typhosa throughout, but took 8 weeks to develop antibody to E. coll. Germ-Free animals.--Animals reared in a bacteria-free environment lack the antigenic contribution normally derived from living intestinal flora (19) . It has been reported that the level of gamma globulin in such animals is reduced, but is nonetheless present in significant amounts (21) . If living bacteria are important stimulators of antibody production to Gram-negative species, germ-free animals should have significantly reduced levels.
Serum from adult germ-free mice, rats, and chickens were examined for antibody to E. coli 0127 and S. typhosa 0901. For germ-free mice, litter mates reared under conventional circumstances served as a control group. In the case of rats, control litter mates were not available but animals of comparable age and of the same strain were compared. Samples from 6 germ-free rats, 16 germ-free mice, and 3 germ-free chickens were tested and it was found that for each species individual samples did not differ in their content of antibody. The results illustrated in Table V I I I show that the level of antibody in germ-free mice is similar to that found in control animals whereas germ- 
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Bactericidal activity against E. c o l i
Bactericidal activity against S. typhosa Age 5 days 10 " 15 " 3 wks. free rats and chickens show no detectable antibody. Subsequently sera from germ-free mice and rats reared on an identical diet were made available by the Lobund Institute. In this case mice again were found to possess antibody to S. typhosa and g. coli whereas in the sera of germ-free rats none could be detected.
DISCUSSION
In this work the issue of the specificity of natural antibodies has been reexamined and evidence of several kinds was obtained for specific reactivity of these antibodies. A number of earlier workers including Border (1), Castellani (3) and Mackie and Finkelstein (11) had also believed this to be the case. On the other hand many publications have appeared which oppose this view, and stress the non-specific nature of natural antibody (15) .
Obviously the question arises: is there any way in which these controversial views can be reconciled? The basic technique utilized by all workers was to absorb antibody from serum with bacterial suspensions and the common practice has been to use conditions of marked antigen excess. In practical terms this usually amounted to absorption of serum with an equal volume of packed bacterial cells.
We have seen however that the quantity of absorbing suspension which suffices to remove homologous antibody from normal serum is rather small. Moreover, when large quantities of suspension are employed, non-specific removal of antibody occurred. This was demonstrable not only with natural antibody, but also with immune antibody diluted to a low concentration. Thus, in our opinion, it is not possible to regard non-specific removal of anti- body as a feature peculiar to the antibodies present in normal serum. The present work was greatly facilitated by the finding that antibody was more readily absorbed from diluted serum. Consequently, a smaller increment of absorbing suspension was required, thus avoiding the hazards implicit in the use of high bacterial concentrations. These observations may help to explain how the concept of non-specificity developed.
Other characteristics which have been considered to be typical of natural antibodies are that they display a greater degree of heat lability and lower avidity than immune antibodies. For the most part previous comparisons were made between immune serum containing a high concentration of antibody and normal serum which had little. In the present study comparisons were made with immune serum diluted to contain a similar amount of antibody to that present in normal serum. Under these conditions no great differences in avidity of normal and immune sera were observed as determined by the quantity of absorbing suspension required to remove antibody.
The effects of heat on the serum of different species was found to vary appreciably. Conditions necessary for inactivation of antibody ranged from 30 minutes at 52°C for normal mouse serum to as high as 60°C for normal human serum. Immune sera from the same species varied in their heat lability, 30 minutes at 56°-65°C being necessary for destruction. However, in every instance immune sera were significantly more heat-stable than normal serum of the same species.
Of the various ways in which we have compared immune and normal antibodies, the heat lability of the latter has proved to be the only consistent parameter for distinguishing between them, and may therefore reflect an actual difference in the physico-chemical properties of these antibodies. It should be pointed out, however, that the difference in heat lability is restricted to comparisons within the same species, a condition not always adhered to in previous work.
Some intimation of the multiplicity of natural antibodies present in serum is provided by our finding of antibodies reactive with representatives of at least seven bacterial genera taken at random. There is no doubt that Gramnegative bacteria are widely distributed in nature, and that animals may be exposed to them in many ways such as frank or overt infection, commensal status, or the simple process of continued ingestion of dead bacteria. In the case of man and other long lived mammals an explanation that antibody arises as a response to individual bacterial antigen appears reasonable. However, as regards smaller animals such as mice, rats, and guinea pigs it seems unlikely that they would be exposed to the entire range of Gram-negative species in their comparatively short life span. Therefore other explanations for the presence of these antibodies were considered: (a) They are the result of physiological mechanisms other than those involving antigenic stimulation. (b) These antibodies are non-specific, but they also arise from stimulation of the host by agents, other than Gram-negative bacteria, which happen to possess similar determinant groupings. The first of these possibilities would seem to be refuted by the information obtained with the use of germ-free rats, inasmuch as these animals did not develop demonstrable antibodies. Data obtained in absorption and inhibition experiments effectively discount the thesis of nonspecificity. One is thus left with the possibility that this category of antigenic determinants is more widely distributed than the Enterobactericeae and can be derived from non-bacterial sources. The available evidence from literature pertinent to this issue is rather limited. (a) Synthetic polyglucose and a number of plant polysaccharides were found to have antigenic reactivities in common with somatic antigens of Salmonella typhosa and S. paratyphi B (6). (b) It has been well established that there are common antigenic specificities in a variety of plant materials and human blood group antigens (16) . Findings such as these suggest a possible basis for the occurrence of these antibodies but the scarcity of systematic exploration in this field does not permit any generalization at the present time.
It is pertinent at this point to mention an experiment on the effect of parenteral administration to rabbits of an extract of a sterile diet. This diet was the one used as routine for feeding germ-free mice. A 2 per cent suspension of food was prepared in phosphate buffered saline (pH 7.2) and extracted by heating at 100°C for 1 hour. The supernatant was cleared by prolonged centrifugation. Five NH-I albino rabbits were injected intraperitoneally with 1.0 ml of this extract on alternate days for a total of 4 injections. 7 days after the last injection the animals were bled and the serum separated. No increase in agglutination titre against S. typhosa was observed (1:10) but when the sera were examined in the bactericidal reaction a mean increase in titre from 1:85 before immunization to 1:280 afterwards was found. This indicates that the food does contain substances capable of eliciting an antibody response. These substances are probably present in small amounts since a single injection of 1 #g of endotoxin in rabbits is sufficient to yield a significant rise in titre.
There are two ways in which it is possible to assess the immunologic contribution made by bacteria residing in the intestinal tract. One is the employment of animals reared in a bacteria-free environment and the other is use of normal newborn and immature animals.
In our tests for the presence of antibody we utilized only two strains of Gram-negative bacteria but the data obtained enabled us to reach certain conclusions: In germ-free animals we found that: (a) Species differ as regards the presence or absence of antibody, since antibodies were present in mice but absent in rats and chicks. (b) In mice the level of specific antibody did not differ greatly from that in conventional animals of the same age and strain. (c) In seeking to explain why the rat had no demonstrable antibody while the mouse had "normal" levels the studies of Brambell (2) seem especially pertinent. He found that immature animals of different species displayed a great variability in their capacity for absorption of intact proteins from the intestine. If natural antibodies do in fact arise as a consequence of antigen absorbed from the digestive system the consequences of species differences in absorption are obvious.
Antibody present in newborn animals must be derived either from the maternal circulation or colostrum. In investigating the sera of newborn and young animals we found as follows: (a) In most instances the persistence of maternal antibody was of a rather transient nature. (b) In most species there occurred an interval during which little or no antibody was discernible. (c) Antibodies to S. typhosa and E. coll did not appear at the same time in all species. Indeed in guinea pigs antibody to S. typhosa was present throughout while antibody to E. coli was not discernible during this period. In the rat the distribution of these antibodies was just the opposite. These findings seem to refute the concept of the origin of natural antibodies advanced by Hirzfeld; i.e., that all appear simultaneously as a result of physiological maturation.
The early development of antibody in some species indicates that response to these antigens can be extremely rapid and antibody may be appearing very shortly after the animal has reached immunological maturity. To determine whether there is any causal relationship between the prevailing types of intestinal bacteria and the antibodies in the host serum a careful study of the dynamics of the intestinal bacterial flora will be required.
To obtain further information concerning factors involved in the production of natural antibodies adult mice were exposed to high dosage of total body irradiation in an attempt to suppress the production of these antibodies. Although the dose of 600 r proved lethal for the mice within 10 days, there was no significant alteration in the levels of antibody to S. typhosa, E. coli, or Sh. shigae, at intervals ranging from 6 to 48 hours. This lack of effect by x-irradiation is interpreted in the following way: it is believed that radiation affects only the early inductive phase of antibody formation (17) . Consequently, immunological alterations by radiation injury are manifested only if antigen is given shortly after exposure to x-rays. In the present situation the host seems to be constantly exposed to antigenic stimulation from bacterial or other sources, and thus the factors which lead to antibody synthesis are not influenced by the radiation.
We have emphasized the extensive distribution of antibacterial natural antibodies in various animal species, and to the extent that they have been studied this seems to be the case. Nonetheless, individual instances were encountered in which it was difficult to demonstrate the antibody in question, or where it was present in low titre. Furthermore, for any single species, the levels of each of the specific antibodies examined differed considerably. In mice, for example, where the widest differences were found, bactericidal activity for S. typhosa was 1:16 whereas for E. coli it was 1:1000, approximately 50 times greater. Shigella antibody occupied an intermediate position. Two interpretations of these observations appear possible. The levels may truly represent differences in antibody content or alternatively the quantity of antibody against the strains may be similar but the organisms differ greatly in their sensitivity to the antibody-complement system.
The former interpretation is supported by the finding that rabbits and guinea pigs consistently showed higher bactericidal activity against S. typhosa than against/~, coli. There is also the observation that the time of appearance of these antibodies in the immature guinea pig, rabbit, and rat is consistent with the levels of antibody found in adult animals, i.e., the antibody which is first discernible is the one which subsequently is present in highest fitre. The experimental evidence for the function of natural antibacterial antibodies is scanty. No conclusive proof has been yet obtained that the presence of these antibodies in the circulating blood is associated with immunity to clinical infection. It is however reasonable to expect that the natural antibodies within the limits of their low concentration in the blood, will be functional in the immune responses of the body in the same manner as the immune antibodies. We have found that the level of natural antibodies in animals is raised after injection of endotoxin, approximately during the period when non-specific immunity still prevails (20) .
The relation of the bactericidal antibodies to agglutinins and precipitins requires consideration, because in many cases in which bactericidal antibodies were found in high titres, they could not be detected by other methods. It is known that each method has its range of sensitivity, and therefore it is possible to detect antibody with one method when the other will not do so. There is however another consideration: it may be that the natural bactericidal antibody are functional solely in one system and they differ in some physico-chemical properties from other types of antibodies.
The bactericidal antibodies comprise only one kind of many natural antibodies found in normal animals, such as isoagglutinins, heterophile antibodies, antispecies antibodies, and others. These antibodies may differ considerably from those studied by us in regard to the origin and their properties. It is therefore impossible from our studies to generalize about all types of natural antibodies. It remains for future work, with use of appropriately sensitive techniques, to investigate the whole array of other kinds of natural antibodies.
S U M M A R Y
A study was made of the origin, occurrence, and properties of natural antibodies to Gram-negative bacteria in the normal serum of several species. Antibody was measured by a procedure based on the bactericidal reaction carried out under conditions in which activity was a function of the amount of antibody contributed by the test serum.
Antibody to seven genera of the family Enterobacteriaceae were demonstrated in normal human serum. The specificity of these antibodies was affirmed by absorption with homologous bacteria and by inhibition of bactericidal activity with purified homologous somatic antigen. Absorption with graded amounts of bacterial suspensions showed that a large excess of bacteria led to non-specific removal of antibodies. Analogous findings were also made with immune antibody.
As determined by quantitative absorption tests no difference could be found in the avidity of natural and immune antibody. Natural antibody in the serum of various species differed considerably as regards their lability to heat, but in parallel tests immune antibody of each species was significantly more heatstable.
The time and appearance of the antibodies varied in young animals, of
